Vertical electrolysers with a narrow electrode gap are used to produce gases, for example, chlorine, hydrogen and oxygen. The gas voidage in the solution increases with increasing height in the electrolyser and consequently the current density is expected to decrease with increasing height. Current distribution experiments were carried out in an undivided cell with two electrodes each consisting of 20 equal segments or with a segmented electrode and a one-plate electrode. It was found that for a bubbly flow the current density decreases linearly with increasing height in the cell. The current distribution factor increases with increasing average current density, decreasing volumetric flow rate of liquid and decreasing distance between the anode and the cathode. Moreover, it is concluded that the change in the electrode surface area remaining free of bubbles with increasing height has practically no effect on the current distribution factor. 
Introduction
The current distribution over the gas-evolving electrodes in a rectangular cell is mainly determined by the distribution of voidage in the cell [1] . The kinetic parameters of the electrode reactions and the areas of the electrode surface which are free of bubbles are of particular interest.
To optimize a gas-evolving electrolyser, impedance and current distribution measurements have been carried out for an electrolysis of a 22 wt % NaOH solution in an undivided vertical electrolyser with a narrow inter-electrode gap. Results on cell impedance are published separately [2] and those on current distribution are presented in this paper.
The ohmic resistivity of the solution between the anode and the cathode during current flow increases continuously with increasing height in the electrolyser when the bubble-liquid mixture can be characterized by a bubbly flow [2] . Furthermore, the resistivity of the solution between the electrodes at the leading edge of both the electrodes increases practically linearly with the local current density, but the increase in solution resistivity at the bottom of the cell is larger than at the top of cell.
To obtain a well-based characterization of a gasevolving electrolyser, current distribution measurements were carried under the same conditions as the impedance measurements. Results for the distribution in a gas-evolving diaphragm cell have been published by Bongenaar-Schlenter et al. [3, 4] and those in a hypochlorite electrolyser by Czarnetzki et aL [5, 6] . Further research has shown that, particularly at low current densities corresponding to low voidages, the reliability of the results is very sensitive to variations in the width of the inter-electrode gap.
Experimental details

Experimental cell and electrodes
The experimental set-up for a rectangular vertical cell has been described previously [5, 6] between successive segments and a one-plate electrode 0.020m in width and 0.50m in height. Experiments were carried out with two combinations of electrodes, namely, one with two segmented electrodes, both 0.01 m in width and the other combination with a segmented electrode and one-plate electrode, both 0.02 m in width.
The interelectrode gap dac was 3.2mm for the experiments where both electrodes were segmented and varied between 1.0 and 7.0 mm for the experiments with the combination of a segmented electrode and a one-plate electrode. The width of the cell channel was equal to those of the electrodes used.
Electrical measurements
Two different constant-voltage sources with 20 independent channels (GEEST-1 and GEEST-2) were used: GEEST-1 for the combination of a segmented and a one-plate electrode and GEEST-2 for the combination of two segmented electrodes. Characteristics of GEEST-1 are given in [3] [4] [5] [6] and those of GEEST-2 in [5] . The main difference between the two systems is the chargeability of segment pairs. Use of GEEST-2 allows the possibility of switching the current on or off through each pair of segments.
The experimental procedure with GEEST-1 is described in [5, 6] and that with GEEST-2 in [5] . Unless otherwise mentioned GEEST-2 was used. The relations between the current density, the cell voltage and the ohmic potential drop over the solution between the segments of a pair were determined with a Solatron 1250 frequency response analyser and a Solatron Electrochemical Interface 1286, as described in [2] .
Results
Relation between current density and cell voltage corrected for ohmic potential drop
For a segment pair the ohmic potential drop, t/n, and the cell voltage, U, were determined with an impedance meter as a function of the current at various volumetric rates of liquid flow and at 323 K. Plotting U -r/n against log i it was found that for i in the range from 2 to 8000Am -2 the volumetric rate of. liquid flow has no effect on the relation between i and U -r/a. All the curves are straight and have the same slope. At 323 K the slope is 0.245 V.
For the cell action H20 " H2 + {02
the reversible cell voltage was calculated as described in [7] . Calculation showed that the reversible cell voltage is 1.212V, for a 22wt% NaOH at 323K. By linear extrapolation of the (U -r/n)/log i curves it was found that the apparent exchange current density for the electrochemical decomposition of water is 0.98 Am -2 .
3.2. Current distribution 3.2.1. Introduction. To obtain reproducable results for current distribution, a pre-electrolysis was necessary for at least 30 rain. Using GEEST-2 the current distribution over the segmented cathode as well as the segmented anode was measured 5 times, alternately, at 11_19 = 25A and QI = 6.0 x 10 6m3s -I. A typical result is given in Fig. 1 . This shows the ratio I~/1~,~ as a function of the number of segment, n~, for the segmented cathode as well as the segmented anode. Figure 1 also indicates clearly that the current distributions over both types of gas-evolving electrodes are practically the same. Consequently, the cell-current distribution is equal to those over both the electrodes for a gas-evolving tall vertical cell with a small interelectrode gap.
Moreover, Fig. 1 shows that the fluctuations in the curve for the hydrogen-evolving electrode are clearly larger than those for the oxygen-evolving electrode. This difference may be caused by a difference in the Tafel slope for hydrogen and for oxygen evolution on nickel in concentrated alkaline solution. The Tafel slopes were 0.14V and 0.095V, respectively, for hydrogen and oxygen evolution on nickel in 50 wt % KOH at 353 K [7] . Current distribution curves were usually linear. Only at low QI and high 11_19 were the current distribution curves slightly curved; the current density decreasing at a decreasing rate with increasing height in the cell.
The deviation from the linear Is/ns curve becomes significant at a gas volumetric flow ratio/~, defined as Qg/(Qg + QI), greater than .-~0.65. We observed a transition from a bubbly flow to a slug flow [8] at the same/L From the/~/ns line the current density at the top, it, and that at the leading edge of the electrode, ib, were obtained by linear extrapolation. From these values the current distribution factor B = (ib --i~)/i,~ was calculated. The slope of the/~/n~ curve was determined by linear regression. The accuracy in B increases strongly with increasing current/1-19. Particularly, the inaccuracy in B was large at low I1-19, for instance 1 A.
Effect of cell position.
Since it is likely that the distance between the electrodes is not constant for the whole height of the cell and the surface areas of the segments and the potential difference between two opposite segments can vary, a series of experiments was carried out with the cell in the standard as well as in the reverse position. Consequently, the systematic error in the current distribution factor due to the above mentioned factors was eliminated. Figure 2 shows the current distribution factor B~ and Br as a function of the total current 1l_19 for the cell in both positions where Bs is B for the standard It was shown that the increasing divergence of both curves in Fig. 2 is not caused by the inequality in the potential differences for the segment pairs. These potential differences were measured for various 11-19 and the effect on the current distribution was calculated. Figure 2 shows the effect of 1]_19 or the volumetric rate of gas flow on the current distribution factor, B, for the combination of segmented electrodes and measured with GEEST-2. It shows that the current distribution factor increases linearly with increasing current density 1i-t9 and with increasing gas volumetric flow rate. The effect of the liquid volumetric flow rate on the current distribution factor at 11-19 = 25 A is shown in Fig. 3 . This shows that the absolute value of the current distribution factor decreases at a decreasing rate with increase in liquid volumetric flow rate.
Effect of the volumetric rate of gas flow and of liquid flow.
The effect of volumetric rate of the gas flow and that of the liquid flow on the current distribution factor were also determined for the combination consisting of a segmented electrode and a one-plate electrode. These measurements were carried out with GEEST-1. The results are presented in Fig. 4 and a high It corresponding to a gas volumetric flow ratio/~ greater than ,-~ 0.6.
Effect of temperature.
Heat is evolved in the electrolyser during current flow. The difference in temperature of the solution at the outlet and inlet of the cell is negligible at temperatures greater than ~ 313 K.
Temperatures above 343 K could not be used because of the nature of the cell material. In Fig. 5 the current distribution factor, B, is plotted as a function of the temperature for the cell with the segmented electrodes. This shows that B increases with increasing temperature. 
Effect of the distance between anode and cathode.
The constant-voltage source GEEST-I was used to determine the effect of the distance d~e between both electrodes on the current distribution. The cathode was the segmented plate-electrode and the anode and one-plate electrode and vice versa. It was found that the current distribution does not depend on the direction of electric current through the cell. Experiments were carried out at 343 K, It = 70 A and at a liquid velocity of 0.30 m s ~ through the cross-section of the cell at the leading edge of both electrodes. The results are plotted in Fig. 6 . From this it follows that the factor B decreases at a decreasing rate with increasing distance d,c.
Discussion
When the bubble-liquid mixture can be characterized by a bubbly form -in which the liquid phase is continuous and the gas-vapour phase is discontinuous and the gas-vapour phase is distributed in the liquid in the form of bubbles -the current density decreases linearly with increasing height in the oxygen and hydrogen-evolving cell (w The decrease in the current density with increasing height in the cell is expressed by the current distribution factor B. This is zero when the current is uniformly distributed over the electrode.
From Fig. 1 it follows that the current distribution over the segmented nickel anode is equal to that over the segmented nickel cathode. It can be concluded that for a tall rectangular cell with a narrow gap the current distribution is the same for each vertical crosssection, where the edge effects are neglected.
Current distribution depends on the kinetic parameters of the electrode reactions, the electrodesurface areas remaining free of bubbles and on the ohmic resistivity of the solution between the electrodes. The cell voltage, U, is the sum of the reversible cell voltage, Ur, the anode overpotential, qa = ba log [ i I, the cathode overpotential, t/e = b c log [ i I, the specific i surface resistivity of the solution between the electrodes, 7s, and the hyperovervoltage or hyperpolarization, %, at the anode and cathode.
The term "hyperpolarization" introduced by Leistra and Sides [9] is the overpotential due to the masking of the electrode by bubbles. The hyperoverpotential at the anode and cathode is given by, respectively, qh,a = b a log (Ae, a/Ae, a,h) and t/h,c = be log (Ae,c/Ae, c,h) , where Ae,~,~ and Ae,c, h are, respectively, the anode surface area and cathode surface area remaining free of bubbles during gas evolution [9] . The ratio A~,h/Ae can be replaced by 1 -0, where 0 is the fraction of the electrode surface area covered by bubbles.
The cell voltage is given by For oxygen evolution on a nickel electrode in 0.5 M NaOH and at 1 kAm -2 Leistra and Sides [9] have found that the hyperovervoltage is 3 mV corresponding to a 7% reduction in effective electrode surface area by the oxygen bubbles. For hydrogen evolution the hyperovervoltage is even smaller, due to the smaller bubble size [9] . It is likely that the hypervoltage depends on the voidage at the electrode surface. For a gas-evolving cell with a uniform current distribution the voidage in the solution is given by [2]
gx,h ~-20,0
where ex, h is the voidage in the solution at a distance x from the working electrode and a height h from its leading edge; %,0 is the voidage in the solution at x = 0 and h = 0; e~,h is the voidage in the bulk of solution at a height h; and 60 is the thickness of Nernst bubble layer at h = 0. The voidage %,h at the electrode surface as a function of the height in a gas-evolving cell with a uniform current distribution follows from Equation 3 and is given by ~4 4 4 0,h = ~0,0 + ~,h
However, the local current density decreases with increasing height (Fig. 1) . This means that the increase in ~0,h with increasing height is smaller than that calculated with the above mentioned relation for eo,h. So, in practice, e0,h is practically independent of height in the cell. It is likely that the electrode surface area available for current flow is proportional to 1 -e0,h. This means that the change in the electrode surface area to current flow with increasing height in the cell is small and has only a small effect on the current distribution. Consequently, Equation 2 may be simplified to (b a q--be) log (ib/it) = itTt --ibTb (5) In the following the ratio 7t/Tb has been calculated for the electrolysis of a 22 wt %. NaOH solution with nickel electrodes (0.475 m in height) in an undivided cell at da~ = 3.2mm, Ql = 6.0 x 10-6m3s -1, T = 323 K and at various I~_19. The experimental distribution factor B at various /1_19 are given in Fig. 2 and Table 1 . From the factor B the current densities ib and i~ are calculated using, respectively, ib = iav + 1Biav and i t -----i~v --89
Using the relation for ib, 7b = 7p (1 + 0.515 X 10 -4 ib) (Fig. 4 from [2] ) and 7p = 0.4464 x 10-4f~m 2 (calculated from Rp,20 = 0.186f~ and A~ = 2.4 x 10 4m2 [2] ), 7b at various i~v has been calculated. The results are provided in Table 1 .
Using Equation 2, the results for ib, it and 7b and the sum b, + b~ = 0.245 V, the parameters 7t and 7t/Tb at various iav have been calculated and given in Table 1 . Also, the experimental 7t/Tb values obtained from the results given in [2, Fig. 2] have been tabulated.
It should be noted that 7t = 7pr20 at 12o = itAe, s and I1-19 = iavAe, l-19 and 7b = 7pr20 at /20 -= ibAe,s and 11_19 = 0 A.
Comparing the calculated and the experimental ratio 7t/Tb it follows that both ratios are practically the same. Consequently, the current distribution in the cell agrees very well with the increase in the specific surface resistivity with increasing height in the cell and that a possible change in the electrode surface area remaining free of bubbles with increasing height in the cell does not affect the current distribution in the cell significantly. From these results it follows that the current distribution in the cell can be calculated using Equation 5 .
The sum b~ + bc is determined by both electrode reactions. The specific ohmic resistivity as a function of the height in the cell can be obtained from the Bruggeman relation using the specific ohmic resistivity of the bubble-free solution and the distribution of the voidage in the cell.
For a uniform distribution of current the voidage distribution is described by Equation 3. The determination of ex,h is extensively described in [2] . In practice, the effect of the non-uniform distribution of current has to be taken into account to calculate the voidage distribution in a gas-evolving cell.
This means that Equation 3 has to be changed to
where e~,h = e0,0 at i h 60*h = 60 atih
For bubbly flow the maximum voidage is about 0.65 [w This maximum agrees reasonable with the maximum voidage which can be derived for various lattice types of bubble arrangement. For instance, for a simple cubic, a face-centred and a body-centred cubic structure the maximum voidages are 0.52, 0.74 and 0.68, respectively [10] . From the experimental results of [2] %0/(0.65 -e0,0) = alib (7) and consequently e~,t/(0.65 --8~,t) = alit (8) To calculate numerically the current distribution factor from the results of impedance measurements various relations have to be used. These are Equations 5 to 8 and the relations: [2] and 6~,t = 2.4 x 10 6 it0.6. To calculate the voidage of bulk solution at the top of electrode, the vapour pressure for the 22 wt % NaOH solution, a total pressure of 1.082 arm at the level of the top of electrode and the slip factor for bubbles [2] have been taken into account. It has been found that B = 0.48 for the cell with a height of 0.475 m and for the above mentioned electrolytic conditions. The experimental value at I1-19 = 25 A is 0.46 (Table 1) . It may be concluded that the agreement between the experimental and calculated result is good,
The current distribution factor can also be calculated for very simplified models. These calculations provide good insight into the effect of several factors.
The calculations were carried out for the electrolysis at I1-~9 = 25 A for which the experimental B = 0.46 (Table 1) . For the simplifed models where the evolved bubbles are uniformly distributed over the horizontal cross section of the cell and the voidages are equal to the gas volumetric flow ratio and the bulk voidage used for the advanced model, the current distribution factors are 0.70 and 0.64, respectively. For the advanced model and using results of impedance measurements, the calculated B = 0.48. From this difference in current distribution factors it follows that the bubble-slip ratio can significantly affect the current distribution factor. An increasing bubble-slip ratio produces a more uniform current distribution over the cell. From the large difference between the calculated B for the advanced model and the calculated values for the simplified models it follows that the bubble-layers at the electrodes strongly affect the current distribution over the cell.
The effect of the inter-electrode-gap width, dac, on the current distribution factor was numerically calculated for the electrolysis of a 22 wt % NaOH solution in an undivided cell with w e = 10.0ram, he = 0.475 m and dac varying from 1 to 100 mm and at 11_19 = 25 A corresponding to i,v = 5482 A m -z, vj, 0 = 0.188ms -I and T= 323K. The method of calculation for d,o = 3.2ram has already been described in this section. The result is given by curve a in Fig. 7 . It is evident that the electrochemical parameters ba and b~, the relation between %o and current density and that between 50 and current density do not depend on dao at the same liquid velocity. Plotting the experimental results given in Fig. 6 on a double logarithmic scale as in Fig, 7 it can be seen that the experimental relation between B and d,c agrees reasonably with the theoretical results.
The resistivity of the bubble-free solution clearly affects the distribution of current in the cell. To show this effect, the calculations were carried out for solutions pp and where the other parameters are equal to Fig. 7 it follows, that the absolute value of the current distribution factor increases with increasing resistivity of the bubble-free solution. Fig. 5 shows that the absolute value of the current distribution factor increases with increasing temperature and thus, with decreasing resistivity of the bubble-free solution. Consequently, other factors, such as the vapour pressure and bubble behavior, have an opposite effect.
